Introduction
The ability to engineer structurally well-defined transmembrane channels to control mass transfer through otherwise tightly sealing synthetic membranes is of great scientific and technological interest. We formed gold-supported hybrid bilayer membranes (HBMs) that consist of a self-assembled monolayer (SAM) of perdeuterated octadecanethiol (d-ODT) and an overlying leaflet of acyl-deuterated 1,2-dimyristoyl-sn-phosphatidylcholine (d-DMPC) and characterized these constructs with specular neutron reflectometry (NR).
1
These HBMs were subsequently exposed to a cysteamine-terminated amphiphilic a-helical peptide, custom-synthesized based on a class of antimicrobial peptides, that includes alamethicin and melittin, known to form transmembrane aggregates in lipid bilayers. 2 Modeling of the NR data acquired before and after peptide incubation of the HBM excluded several possible modes of peptide inclusion and permitted us to identify trans-bilayer insertion as the primary mode of peptide incorporation. The results are consistent with previously reported electrochemical impedance spectroscopy (EIS) and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy results collected for similar peptide-exposed HBMs, which indicated that the peptide changes significantly the dielectric and ion conductivity properties of the HBM, accompanied by retention of ordering of the surrounding acyl chains. 8 After NR data collection for the HBM with various solvent contrasts, the overlying aqueous phase was exchanged with a 0.5 mg mL À1 solution of 2776SH in PBS, the HBM incubated for 30 min and flushed with PBS buffer. These manipulations, as well as all buffer exchanges for solvent contrast variation, were performed in situ on the AND/R sample stage, so that the same area on one physical Si/SiO x /Cr/Au wafer was examined throughout the extended experiment.
9 This permits refinement of all NR spectra with one consistent set of parameters for the substrate fine structure and justifies treatment of the contrasts as originating from one isomorphous structure.
Scattering lengths were obtained from published data. 10 A scattering length density (SLD) of 2.07 Â 10 À6 Å À2 was assumed for Si and an SLD of 3.47 Â 10 À6 Å À2 was calculated for silicon oxide assuming a mass density of 2.196 g cm
À3
.
11 For modeling of the organic surface structure, the phospholipid leaflet was treated as two distinct layers: the acyl chain region and the head group region. The head group layer was assumed to consist of two components: the head groups themselves and associated water molecules. An SLD of 1.84 Â 10 À6 Å À2 was calculated for the d-DMPC head groups using molecular volumes obtained from molecular dynamics simulations.
12
To simplify the fitting, a single global interfacial roughness, s, was assumed for each system modeled.
Results
NR data for the d-ODT SAM in contact with aqueous solution were best modeled as a single organic layer with an interfacial layer of reduced density 9,13 attributed to gas adsorption, 14 and models excluding this effect yielded unreasonable fits. For the d-ODT layer, this model yielded a thickness of 19.9 Å and an SLD of 7.53 Â 10
, consistent with tightly packed polymethylenes in the SAM. Table 1 . The total thickness of the hydrophobic layer formed by d-ODT plus lipid acyl chains, d z 35.5 Å , is as expected, but the thickness of the d-ODT slab alone is lower than the all-trans chain length with polymethylenes normal to the gold. This may be due to tilting of the ODT chains from the interface normal 15 and/or to interdigitation of lipid acyls between ODT alkyl chains. The lipid head group layer includes water at a volume fraction of z 0.57 and is somewhat larger than expected from molecular models. It has been earlier reported that layer models of the 'slab' type tend to overestimate this thickness, 16, 17 and that more realistic estimates may be obtained with more complex models. 16 Since the lipid fine structure is of secondary interest here, we nevertheless chose to use the simpler 'slab' models throughout this study. Fig. 2 depicts NR data collected for the HBM after incubation with 2776SH under PBS with three isotopic compositions, along with modeled neutron reflection curves, and the inset depicts the SLD profiles associated with the model using the parameters in Table 1 . Incubation of the HBM with peptide produces subtle changes in the overall spectra which are most pronounced between Q Z ¼ 0.03 and 0.05 Å
À1
. Significantly, the reflectivity is predicted to be higher in this region than for the peptide-free HBM, and this is indeed experimentally observed. SLDs of the peptide were estimated from the molecular amino acid volumes 18 to be 1. Fig. 1 . Scenarios (I) and (BI) in Fig. 3 a bundle of peptides throughout the entire d-DMPC leaflet (BI). Versions of the I and BI models in which the peptide was allowed to penetrate partially into the underlying ODT SAM were also considered. In testing these models, the best fits to the NR data were consistently obtained with the I or BI models with a peptide incorporation in the acyl tail region of 13 vol%. The optimum fit in Fig. 2 (detailed in Table 1 ) yielded a c 2 of 2.1 across the six datasets, comparable to the best-fit c 2 of the NR data of the as-prepared HBM (c 2 ¼ 2.0). In this model, we see no perturbation of the SAM by the peptide, nor any overlayer of peptide associated with the HBM.
While we can confidently rule out the P and O models, we cannot discriminate between the I and BI models on the basis of the NR data because the method averages density laterally over a macroscopic area, and thus cannot detect any bundling. However, a characteristic feature of the BI model is that the bundle core should be hydrophilic and incorporate water. In fact, scenario I is not easy to comprehend in terms of its energetics, because of the penalty associated with the burial of hydrophilic peptide residues deeply in the aliphatic lipid chains. While the best-fit model to the NR data suggests there is no water incorporated, the amount of water in the lipid leaflet is weakly anticorrelated with the peptide volume fraction. Thus, it is feasible that a modest amount of water is indeed incorporated with the peptide bundle.
If one examines the BI model in terms of steric constraints, one arrives at a lower limit of 4 helices in a bundle that can form a hydrated pore within the DMPC overlayer. A recent computer simulation of a similar system where 4 peptide helices formed a pore through a DOPC bilayer 19 showed z 22 water molecules within the transmembrane pore. Judging from these results, z 10 water molecules in a 4-helix bundle appear a realistic lower bound for water incorporation into the lipid (mono)layer in the BI model. An upper limit is more difficult to determine. In our experience, 20 one would with confidence detect water at 3 vol% in the lipid overlayer due to the isotopic sensitivity of neutrons. In a simplistic geometric model, we expect the ratio of water and peptide in the lipid overlayer to grow linearly with the number of individual helices that form one pore. In this scaling, it would still take on the order of 40 helices to form such large pores in the DMPC overlayer that the contained water would exceed this detection limit.
In conclusion, NR data and modeling indicate that insertion of 2776SH into the DMPC lipid leaflet is the principal mode of interaction of the peptide with the HBM. This contrasts with other scenarios in which the peptide inserts into both the hydrophobic portions of the ODT monolayer and the DMPC leaflet, or protrudes from the bilayer and/or overlays on the head groups. While it is likely that full details of the molecular architecture are more complex than captured in these simplistic scenarios, the fact that the data can be well described in a simple layer model suggests a laterally homogeneous lipid-peptide layer architecture at the interface.
